It was in 1802 that Thomas Young suggested that the number of receptor components in the eye sensitive to different regions of the spectrum must be limited and that they could be limited to the three principal colours -red, yellow and blue. Since Young's suggestions of a limited number of colour channels, trivariance has become established as the basis of human colour vision. Psychophysical studies of colour vision and its deficiences in man and other primates have been hindered by the lack of precise information on the spectra] sensitivites of the receptor cells involved -the cones. In normal human colour vision we would expect three classes of photoreceptors distinguished by the photosensitive pigments they contained, i.e. three visual pigments with their wavelengths of maximum sensitivity ()'max) placed at three different locations within the visible spectrum. However, the only photosensitive pigment that has been extracted from the human retina is a visual purple or rhodopsin with )'max between 490 nm and 500 nm (Crescitelli & Dartnall 1953 , Wald & Brown 1958 , the sensitivity of which can be closely matched to the human scotopic spectral sensitivity, and which therefore presumably is not involved in colour vision.
In the late 1950s a method of investigating visual pigments in the living eye was developed, that of reflexion densitometry (for a review see Rushton 1972) . It is a technique in which a small beam of light is passed into the eye and the spectral characteristics of the reflected, emergent light are measured both before and after the visual pigments are bleached by intense light. Using the foveal region of human eyes, Rushton obtained evidence for two visual pigments, one maximally sensitive at about 585 nm, which he called erythrolabe, and the other absorbing maximally at about 540 nm which he called chlorolabe.
With the advent of microspectrophotometry (MSP) in the early 1960s, it became possible to measure directly the absorbance spectra of visual pigments contained within individual photoreceptor cells (Liebman 1972) and numerous measurements of animal photoreceptors have been made in various laboratories. It is surprising, therefore, that nothing further appears to have been done with primate retinae during the fourteen years between the pioneering work of Marks et al. (1964) and Brown & Wald (1964) , and our preliminary studies (Bowmaker et al. 1978) .
Microspectrophotometry is a technique in which a small beam of light, smaller than the photoreceptor, is passed either axially or transversely through the cell, and the transmittance and hence the absorbance of the visual pigment is determined at wavelengths throughout the visible spectrum. The visual pigment is contained within the outer segments of the receptor cells and, in primates, these are long cylindrical structures about 1-2 urn in diameter and from 20 to 40 urn in length. Initially, since the end-on absorbance of the receptors was thought to be very low, MSP was carried out with a circular measuring beam passing axially through the outer segment. These recordings suffered from the difficulty of ensuring that the measuring beam passed through the length of the outer segment without passing through neighbouring receptor cells. Thus axial records could give an apparent indication of a mixture of pigments in a single cell, such as a mixture of red-and green-absorbing pigments in a single foveal cone. .... '0 The data from the early records are summarized in Table I . To overcome the problem of light leakage, Dobelle et al. (1969) used a transverse measuring beam and ·successfully measured the visual pigment in a primate green cone, demonstrating the practicality of the method. The very low maximum absorbances obtained in the early studies do indeed suggest that considerable light leakage did occur. From the records reported, from as few as twenty primate cones, peak sensitivities for the blue, green and red cones have ranged from 440 to 460 nm, from 525 to 540 nm and from 555 to 577 nm and end-on absorbances have ranged from 0.002 to 0.28. Liebman (1972) reviews the difficulties of interpreting the early MSP data and concludes: 'at best, they suggest the existence of three cone pigments in separate cones; the data alone cannot be regarded as accurate to better than 20-30 nm, and published densities cannot be regarded in the least of what exists in the living eye'.
Since 1977, working initially at the former MRC Vision Unit, University of Sussex and now at Queen Mary College, we have attempted to obtain precise spectral information on the supposed three cone visual pigments of primate colour vision. The MSP we use was designed by Liebman and is of dual-beam design, similar in most respects to that previously described by Liebman & Entive (1964) . The measurement and reference beams are usually adjusted to about 2 x I urn, but both are continuously variable and can be adjusted equally as desired. All measurements are made transversely and to increase the proportion of light absorbed by the dichroic outer segments of the receptor cells, all measurements are made with polarized light with the e-vector of the measuring beam perpendicular to the long axis of the outer segment (Bowmaker et al. 1978) .
Behavioural experiments suggest that colour vision in macaque monkeys is trichromatic and very similar to that of man (De Valois et al. 1974) . We have therefore made measurements both from human retinae and from two closely related macaque species, Macaca mulatta and Mi fascicularis, the rhesus monkey and the cynomolgus or crabeating macaque respectively (Bowmaker et al. 1978 , 1979 . More recently we have begun to study new world monkeys, where behavioural experiments indicate that their colour vision is highly variable within a species and between sexes and perhaps more closely resembles that of human anomalous trichromats and protanopes. The human eyes were obtained from Moorfields Eye Hospital, having been removed usually because of malignant tumours. Rhesus monkey tissue was obtained from a variety of sources and the cynomolgus monkey eyes from a pharmaceutical company. Eyes were transported to the laboratory in light tight vacuum flasks on ice: typically the first MSP measurements were begun within two hours of enucleation.
To date we have measured visual pigment absorbance spectra from 9 human eyes, both male and female, from 17 rhesus monkeys and from 6 cynomolgus macaques, with a grand total of about 500 receptor cells in all. From these data four classes of photoreceptor can be indentified: rods, 'blue' cones (i.e. maximally sensitive to blue) 'green' cones and 'red' cones (i.e. maximally sensitive to long wavelengths). Typical absorbance spectra from the four classes in a human retina are shown in Figure I .
Rods:
We have analysed 47 rods from 8 human eyes. The mean A max of all 47 records is 496.3 nm with a range of 489.7-503.5 nm (Figure 2 ). In the macaques similar values have been obtained: a mean )'max at 500 nm (n = 12) in M.fascicularis and 503 nm (n = 80) in M. mulatta (Table 2) . The difference of about 7 nm between the human data and the rhesus data probably represents a real difference between the species which, to some extent, is reflected in the mean values of )'max obtained for the middle and long-wave cones (see below).
Blue cones: We have been able to record few absorbance spectra from blue cones: eleven from 4 human eyes and three from 3 cynomolgus retinae. None has been recorded from the 17 rhesus monkeys, even though more than 200 records have been analysed from red and green cones. The paucity of blue cones is consistent with other estimates of blue cone frequency: Marc & Sperling (1977) suggest from histochemical studies that in the baboon retina there are
a:
600
Wave-length (nm) between 10 and 20% in the parafoveal region, and psychophysical evidence (Barlow 1957) has shown that the blue-sensitive mechanism is some 2 log units less sensitive than the red-and green-sensitive mechanisms.
Of the eleven blue cones that we have recorded from human retinae, five were satisfactory for detailed analyses and gave a mean I. ma x of 419.0 ± 3.4 nm (Figure 2 , Table 2 ). Two records have been analysed from the cynomolgus retinae with I.max at 412 nm and 420 nm. These values are significantly shorter than the previous published data (cf. TableI), The absence of blue cones in our study of rhesus retinae is surprising and unexpected since it is known that M. mulatta is trichromatic. A number of explanations primarily relating to experimental procedure can be suggested for our inability to record these cells, though since our technique is identical for the three species these seem unlikely.
Green cones: We have analysed 49 records from 8 human eyes with a mean I'max of 530.7 nm with a range from 522.3 to 539.3 nm (Figure 2 , Table 2 ). In the macaques, similar values have been obtained: in M.fascicularis 22 cones were analysed giving a mean I. ma x of 533.3 nm with a range from 521 to 538 nm, and in M. mulatta 127 green cones have been analysed giving a mean A ma x of 534.8 nm with a range from 526 to 544 nm (Table 2 ). In the data from the human retinae there is an indication that there are two populations of cones within the 'green' class: a 'short-green' population with I.max at 528 to 529 nm and a 'long-green' population with a I. ma x at 533 to 534 nm. Certainly, the data do not conform to a normal distribution. In both of the macaque species studied the green cones similarly do not (14) 566 (92) Numbers in parentheses are the number of records analysed Specific absorbance of rods =0.0 18 urn -I and of cones =0.0 15 urn -I conform to a normal distribution, and the range of A max is considerably greater than would be expected from experimental error and probably indicates a real variability in the pigment absorbance of different receptors. However, the presence of two distinct populations in the macaques is not immediately apparent.
Red cones:
We have analysed 52 records from 8 human eyes with a mean )'max of 559.5 nm with a range from 551.6 to 569.5 nm (Figure 2 ). In the two species of macaque, as with green cones, similar values have been obtained: in M.jascicularis 14 outer segments were analysed with a mean )'max at 567 nm with a range from 554 to 575 nm and in M. mulatta 92 cones were analysed with a mean )'max of 566.2 nm and a range of 555 to 574 nm. The distribution of the red cones from the human retinae does not conform to a normal distribution and gives some indication of perhaps three populations within the class with }'max at about 555 nm, 561 nm and 565 nm. Similarly, in the rhesus and cynomolgus monkeys the range of values of}. max for the red cones is greater than would be expected from experimental error and probably indicates a real variability.
It must be emphasized, however, that the data give only a suggestion of two or more populations of cones within the red and green classes of receptor. The problems in determining precisely the ).max of individual cones are such that we are unable to place the i. max of a single cell to better than ±2-3 nm. It is hoped that the facilities of data analysis by computer that we have recently added to the MSP will improve the precision of these determinations and thus throw more light on the problems of the distribution of cones within each class.
Reconstruction of psychophysical sensitivities
The mean absorbance spectra for the four classes of receptor cells from one human eye are shown in Figure 3 , and in Figure 4 we have attempted to reconstruct human psychophysical sensitivities from these MSP measurements. To make such reconstructions a number of assumptions have to be made. First, it is necessary to calculate the ratio of absorbed to incident light for a beam passing axially through the receptor cell outer segments, i.e, the absorptance of the cell. For this, it is necessary to assume ccentricity It I (0) mechanisms of Stiles and the CIE scotopic sensitivity (.). The curves were calculated from the pigment data of Figure 3 by allowing for lens absorption in all cases, and for macular absorption as well for the 'red' and 'green' cones and for axial absorbances as follows: 'red' and 'green' cones, 0.525; 'blue' cone, 0.375; rod, 0.475. The dotted curve was derived from a 'nomogram' curve of }.max=420 nm (see text). The dashed curve was calculated from the rod data after correction for lens absorption but assuming an axial absorbance of zero for the rod pigment. (Reproduced from Bowmaker & Dartnall 1980, with kind permission) absorbance per unit length. We take the effective length of the absorbing cylinder to be 35l-lm for foveal cones and 25 urn for extra foveal rods (Polyak 1941 ) .. On the basis of our transverse measurements and from the values obtained from a number of receptors in other species, we estimate the specific absorbance at the )'max to be approximately 0.018 urn -1 for rods and O.oI 5 urnt for cones. Thus foveal cones have an end-on absorbance at the )'max of about 0.525, i.e. absorbing about 70% of the light incident on the outer segment. Secondly, further assumptions have to be made concerning absorption by pre-receptoral factors. We have used tabulated data from Wyszecki & Stiles (1967, p 216) to correct for absorption in the human ocular media at wavelengths below 500 nm, but have assumed no change in absorption at wavelengths longer than 500 nm. In the case of red and green cones, an additional correction has to be made for absorption by the macular pigment and again we take the values tabulated by Wyszecki & Stiles (1967, p 219) .
Thirdly, additional uncertainty lies in the choice of psychophysical estimates of cone sensitivities with which to compare the sensitivities reconstructed from the MSP data. We have used the 1t mechanisms of Stiles (1978, p 18) , since these sensitivities are expressible as linear transformations of small-field colour matching functions, a crucial requirement if they are to be taken as estimates of the sensitivities of neural channels excited directly by visual pigments and not neural interactions between two or more channels. For rods we take the CIE (Comite International d'Eclairage) scotopic luminosity function, V)"', converted to a quantum basis.
Finally, in so far as the human and macaque data suggest that the values of A ma x are distrubuted within a class of photoreceptor, we make the assumption that the psychophysical sensitivity for a class of receptor reflects the unweighted mean of the un transformed pigment sensitivities.
The reconstructed sensitivities for the four classes of receptor are shown in Figure 4 (continuous lines) and compared with the relevant psychophysical sensitivities. For the rods, the maxima of the reconstructed sensitivity and log VA' are coincident, but the reconstructed sensitivity is systematically broader. A better fit is obtained using the absorbance spectrum (corrected for lens absorption) which is shown as the dotted line. However, the latter comparison assumes an infinitely small axial density (or effectively < 0.1) that could only be accounted for if less than 20% of the length of the rod outer segment was visually effective (for a further discussion see . The sensitivities reconstructed for the P530 and P560 pigments are compared with Stiles' green and red mechanisms, 1!4 and 1!s (Figure 4 ). Both mechanisms provide excellent fits to the reconstructed sensitivities at wavelengths longer than about 490 nm, but systematically deviate at shorter wavelengths. This is due probably to the correction used for pre-receptoral absorption by the macular pigment, which is of significant values between 430 and 500 nm, and for the lens.
The maxima of the reconstructed sensitivity for the blue-cone spectra and Stiles' blue mechanism, 1!3 (crosses in Figure 4) , are coincident at about 440 nm, but the agreement between the entire functions is less good than for the green and red mechanisms. This is not unexpected for not only do the remarks made above regarding pre-receptoral absorption apply even more at short wavelengths, but the mean blue-cone sensitivity in Figure 4 is based on a small number of records. If, instead of this curve, one of the same )'max (420 nm), but of the 'nomogram' shape appropriate to this spectral region, is used (Knowles & Dartnall 1977) , the derived sensitivity curve (dotted in Figure 4 ) is a better agreement with the 1!3 data. The dip in sensitivity in 1!3 between 450 and 470 nm is due presumably to macular pigment (}'max 460 nm) since it was measured at the fovea. However, Stiles also measured a blue mechanism 1!1 at 8°eccentricity, well clear of the macula lutea that does not show the dip around 460 nm (open squares, Figure 4) . The discrepancy on the short-wave limb of the blue sensitivities is probably due to variations in lens density between individuals. Wyszecki & Stiles (1967, p 216) state that 'sensory data show at short wavelengths very large variations (of the order of 1 log unit at 400 nm) normally attributed to differing lens losses, and which occur even in the same age group'.
In summary, it is possible by making a limited number of assumptions to relate directly the spectral sensitivities of the three classes of cone found in the human retina with psychophysical estimates of the cone sensitivities. Nevertheless, our data suggest that within each class of cone there may be distinct populations of receptors with )'max differing by about 5 nm. If the ratio of the different populations varied between individuals, the spectral sensitivity of the colour channels could vary over a range of about 5-10 nm, a variability that may have direct bearing on anomalous trichromacy.
Two of the individual human eyes we have studied (from HP and PC) had a significant difference in their mean red-cone sensitivities, PC at 561.6 nm and HP at 553.5 nm. We were fortunate in that both patients were willing to undergo colour vision tests on their remaining eyes sometime after the enucleation of the diseased eye. Using standard tests, Mollon established that the colour vision in their eyes was normal, but differences were apparent when measurements were made of the ratio of their field sensitivities at 555 and 650 nm for the 1!s mechanism.
The ratio of the log sensitivity was 0.56 for PC and 0.75 for HP, suggesting that PC had a higher sensitivity to long wavelengths than HP, consistent with the longer )'maxof his red cones. Two other subjects with normal colour vision (JDM and pap) gave ratios of 0.83 and 0.68. It is significant that PC has a lower ratio than any other observer so far tested, suggesting that his long-wave sensitivity is unusually high.
It is of interest, in this respect, that Alpern & Moeller (1977) have suggested from psychophysical data that there are individual variations in the peak sensitivities of 'erythrolabe' and 'chlorolabe' (red and green sensitive pigments) of normal human observers and that in anomalous trichromats both long-wave pigments are drawn from the same parent class, i.e. a deuteranomalous trichromat would have the two long-wave colour channels originating from visual pigments drawn from two populations within the 'red' class of cones. Our results make this hypothesis plausible. Hopefully, it is only a matter of time before we are able to measure the visual pigments in a human eye with a known colour vision deficiency. To this end we are now, where possible, testing the colour vision of patients before enucleation.
